We report the first experimental realization of total internal reflection (TIR) diffraction gratings. Performance of less than 0.7-dB insertion loss (IL) for both TE and TM polarizations and 0.5-dB polarizationdependent loss (PDL) are predicted over a 50-nm spectral bandwidth with simultaneous fabrication tolerances on the depth and the duty cycle of binary gratings of Ϯ5% and Ϯ14%, respectively. Nineteen gratings were fabricated that met these specifications, yielding IL and PDL values less than 0.6 and 0.2 dB, respectively, across the entire 50-nm bandwidth. Measurements made under the Littrow configuration resulted in high efficiency and low PDL across a 100-nm bandwidth, with up to 100% diffraction efficiency within the experimental measurement error.
INTRODUCTION
Diffraction gratings play an important role in many technologies, including spectroscopy, display systems, and wavelength-division multiplexing architectures in telecommunications. For telecommunications, their ability to map wavelength into propagation angle makes them suitable for use in add-drop filters, multiplexers and demultiplexers, and other wavelength-configurable devices. Gratings with low polarization sensitivity are highly desirable, since signals that propagate through a standard telecommunications fiber emerge with an unknown polarization state. Recently, an immersed grating covered with a metallic coating achieved high efficiency and low polarization dependence over a large bandwidth. 1 The immersion medium used was silicon, whose physical properties, such as refractive index and coefficient of thermal expansion, are highly temperature dependent. Additionally, the metallic layer used to provide the reflection limits both the maximum achievable diffraction efficiency of the grating and the incident power allowed before the device performance is altered or the device is damaged.
It was previously predicted 2 that dielectric immersion gratings with only two orders can achieve unity diffraction efficiency under the Littrow condition utilizing the broader phenomenon of total internal reflection (TIR) to generate high-efficiency reflective diffraction. A more recent study of TIR gratings 3 yields the general conditions for achieving high-efficiency reflective diffraction with multiple orders. In this work, it was shown that while the angular and spectral bandwidths of high-dispersion TIR gratings were smaller than conventional aluminum gratings of the same dispersion, their higher efficiency and prospects for low polarization sensitivity make TIR gratings ideal for laser-based and telecommunications applications compared with their conventional metalliccoated counterparts. The condition that must be met for a TIR grating to exist is as follows. For an arbitrary angle of incidence of light incident from material 1 with refractive index n 1 , the grating period must be chosen such that the incident and diffracted angles all fall under the TIR condition at the interface between the two materials. This condition is mathematically expressed as 3 n 2 /n 1 Ͻ ͉sin j ͉ Ͻ 1,
where j represents any and all of the propagation angles of the incident or diffracted light in material 1 and n 2 is the refractive index of material 2, which shares the periodic boundary with material 1. Embedded in this condition is the requirement that n 1 Ͼ n 2 . The conditions set above in expression (1) limit the diffractive behavior of the grating such that a diffracted order into material 2 simply cannot exist; only reflected orders can physically propagate. In fact, the conditions that define the TIR grating are valid regardless of the nature of the grating profile. Thus a grating with any groove shape, such as sinusoidal, binary, trapezoidal, or blazed, is classified as a TIR grating provided that expression (1) is satisfied.
While, in general, material 2 can be chosen to be any dielectric material such that expression (1) is satisfied, the true value of such an immersed grating is gained if material 2 is chosen to be air. First, the limits set by expression (1) are given the largest range by having n 2 ϭ 1. Second, and perhaps more importantly, such a grating is made of but a single material. No coatings need to be applied, which simplifies the fabrication process significantly and subsequently reduces the cost of fabricating the grating. Figure 1 depicts such a high-dispersion TIR grating. The light is incident on the grating from within material 1 at an angle i . With the grating period and the angle of incidence chosen such that expression (1) is satisfied, no light escapes into material 2 regardless of the grating groove shape. The exact grating groove profile will determine the power distribution among the various reflected diffracted orders, but no transmitted diffracted orders can exist. Such a grating is significantly different from previous metal-free diffraction gratings, which either utilize a transmission grating with dielectric stacks to provide the reflection 4, 5 or rely on the TIR condition being met at every interface of the grating groove for all incident and diffracted angles, 6 which requires strict control of the grating groove profile.
In this paper, we report on a high-dispersion, highefficiency, surface-relief diffraction grating with extremely low polarization sensitivity for L-band telecommunications applications (1560-1610 nm). The grating is an all-glass (metal-free) immersion grating made of a single material, where the light is incident on the periodic boundary from within the glass. TIR at the glass-air interface provides high-efficiency diffraction into the m ϭ Ϫ1 reflected order; thus no metallic or dielectric coatings are used. The grating is designed such that the grating equation allows no light to diffract into the air side of the grating. As such, a prism or other means must be used to direct light into the nominally planar grating component. This paper is organized as follows. In Section 2, the physics and the design of a high-efficiency TIR grating with low polarization sensitivity are explored. The method of fabricating this TIR grating in fused silica is discussed in Section 3. In Section 4, the measured performance of TIR gratings is presented for fixed and Littrow configurations. A discussion on applying this TIR grating in optical systems as well as a summary of the work is contained in Section 5.
TOTAL INTERNAL REFLECTION GRATING DESIGN
Before the design of such a TIR grating is discussed, it is beneficial to review the nomenclature with which its performance will be measured. For telecommunications applications, it is convenient to represent the diffraction efficiency in terms of insertion loss (IL) defined in terms of decibels (dB) through the quantity
where j is the absolute diffraction efficiency of the jth polarization state, which is either TE or TM polarization. In this paper, the grating vector K is defined to lie within the plane of incidence. Therefore light that is polarized such that the electric field is perpendicular to the plane of incidence (TE polarization) will also be perpendicular to the grating vector K. Likewise, TM polarization corresponds to light whose magnetic field is polarized perpendicular to both the plane of incidence and the grating vector K.
For optical systems designers, the maximum difference in IL between orthogonal polarization states is defined as polarization-dependent loss (PDL). 7 For diffraction gratings, this definition yields the following expression for the PDL:
which is also expressed in decibels. In general, the dispersion of a grating is calculated as d m /d, where m is the diffraction angle of the mth order with respect to the surface normal and is the freespace wavelength of the incident light. For an immersion grating, the diffraction angle at which the light exits material 1 can be arbitrarily designed such that the net dispersion of this interface combined with the grating can be larger or smaller than the dispersion of the grating itself. To compare gratings of equivalent dispersion, one needs to mitigate this effect by having the diffracted beam exit material 1 near normal incidence (i.e., material 1 has the physical form of a prism, with one angle equal to 90°Ϫ m ). As such, the dispersion for an immersed grating is then defined as (4) where ⌳ is the grating period and air is the angle with respect to the surface normal at which the light exits material 1. The first derivative, d m /d, is calculated from the grating equation. 8 The second derivative, d air /d m , is calculated from Snell's law and evaluated at normal incidence for calculation of the grating performance alone. The grating structure under consideration for this work is a binary grating, a grating for which the periodic structure has a rectangular cross section. The parameters that define such a grating are the depth of the grating and its duty cycle, defined as the ratio of the width of the grating groove to the grating period. For the TIR grating considered here, material 1 is fused silica (n 1 ϭ 1.444 for the wavelengths under consideration) and material 2 is air (n 2 ϭ 1). Throughout this paper, the duty cycle will refer to that of the fused silica.
To fabricate a TIR grating, we need to understand the grating behavior in terms of physically realizable parameter space. The first parameter to consider for such a grating is the period ⌳. The grating period is bound by the TIR condition for long periods and by evanescent propagation for short periods. 3 If we use 1585 nm, which is the middle of the wavelength range of interest (the telecommunications L band defined here as 1560-1610 nm), the grating period is fundamentally limited to between 550 and 790 nm. It has been previously noted that, in general, TIR gratings are much deeper than their metallic counterparts. 3 Features with large aspect ratios can be challenging to fabricate, so it is of interest to understand the optimal grating depth required as a function of the period. Using numerical modeling based on rigorous coupled-wave analysis, 9 we calculate the grating depth as a function of grating period for a fused-silica binary diffraction grating with 50% duty cycle using a wavelength of 1858 nm incident at the Littrow angle, sin() ϭ /2n 1 ⌳. The results of these calculations for TM-polarized light are displayed in Fig. 2 , along with the maximum efficiency at this optimal depth. The grating depth is minimum at approximately 715 nm, yielding an aspect ratio near 2. Toward shorter periods, the grating becomes increasingly more difficult to fabricate, with feature aspect ratios exceeding 10. Additionally, as grating depth increases drastically with shorter period, the diffraction efficiency drops below unity, with a nearly exponential decrease to zero at a grating period of 550 nm (corresponding to a Littrow angle of incidence of 90°). Figure   3 (a) shows that at these smaller grating periods, the characteristic of diffraction efficiency as a function of grating depth changes from a typical sinusoidal behavior to one that is asymptotic. This reduces the available choice for grating period. For long periods, the characteristic of efficiency versus depth also departs from a typical sinusoidal behavior 8 into one with multiple peaks, as shown in Fig. 3(b) . This change of behavior is responsible for the marked jump in optimal grating depth for long grating periods, as shown in Fig. 2 .
Using the optimized grating depths at the Littrow mount for 1585-nm incident light, we can calculate the spectral and angular bandwidths by deviating from the Littrow condition in either wavelength or angle of incidence. The results of such calculations are shown in Fig.  4 , which plots the bandwidths at which the IL drops from zero to either 0.25 or 0.50 dB. The spectral bandwidth peaks near 710 nm, with a gradual decrease for decreasing period and a rapid decrease for longer periods. The angular bandwidth has nearly the opposite behavior, peaking near 610 nm with a rapid decrease at short periods and a gradual decrease toward longer periods. Generally, this behavior is explained by the same factors that limit the grating; at short periods, the longer wavelengths and the off-Littrow angles become evanescent, while at longer periods, the shorter wavelengths and the offLittrow angles are no longer bound by TIR.
In all of the above calculations for Figs. 2-4 , it should be noted that the duty cycle of the grating was kept constant at 50%, although, in general, it should be used as an optimization parameter. However, taken together, Figs. 2 and 4 suggest that a practical design range from the fabrication and performance points of view would be 690-730 nm. A period of 714 nm, corresponding to 1400 lines/ mm, is selected with an incidence angle of 48.6°. This combination yields a separation of incident light from the diffracted beam fan of 1.1°and results in a dispersion of 2.1 mrad/nm. With these parameters selected, the depth and the duty cycle need to be optimized to yield high efficiency and low polarization discrimination over the wavelength band of interest. As such, the average IL of the TE and TM polarizations and the PDL are calculated as a function of depth and duty cycle over the wavelength band 1560-1610 nm. To process these data meaningfully, we define a merit function that yields a simple ''pass'' if the following two criteria are met or a ''fail'' if either is not:
(1) average IL Ͻ 0.7 dB within 1560-1610 nm, (2) PDL Ͻ 0.5 dB within 1560-1610 nm. Figure 5 shows a plot of this merit function as a function of depth and duty cycle for a fused-silica binary grating with a 714-nm period and an angle of incidence of 48.6°. Optimization of the grating design for high-efficiency operation in both TE and TM polarizations results in a target duty cycle of 0.48 Ϯ 0.07 and a target depth of 615 Ϯ 35 nm. Given these large tolerances, it is clear that this low-PDL grating design is robust, which translates directly to ease of fabrication and high yield of components. For this grating design, the fused-silica grating grooves have an aspect ratio, here defined as depth/ ͓(duty cycle) ϫ period͔, of 1.8. Optimal theoretical performance of this grating is obtained at a depth of 630 nm and a duty cycle of 0.48. Under these conditions, the calculated IL and the PDL over the L band are shown in Fig. 6 . For this particular design, the IL across the wavelength region is less than 0.63 dB for TM polarization, and 0.52 dB for TE polarization, decreasing with shorter wavelengths as the Littrow condition is approached. Moreover, the PDL is less than 0.3 dB across the band.
TOTAL INTERNAL REFLECTION GRATING FABRICATION
Fused-silica TIR gratings were fabricated by holographically generating a photoresist etch mask atop a fusedsilica substrate and subsequent reactive ion etching. A 1:1 mixture of Shipley 1813 photoresist and propylene glycol monoether acetate was spin coated on fused-silica substrates that were 1 in. ϫ 1.5 in. in size. This mixture was chosen to generate a photoresist depth of 280 nm in order to minimize coherent reflection (i.e., standing-wave) effects in the photoresist due to the photoresist/substrate interface. Similarly, the substrate was index matched to an absorbing glass filter to minimize reflections from the back surface of the substrate.
The grating pattern was formed by 442-nm light from a He:Cd laser using a Lloyd's mirror 10 configuration. With this holographic exposure geometry, the distance over which the beam paths were separated was kept to a minimum in order to reduce environmentally induced aberrations of the interfering beams. The gratings were exposed with a dose of 51 mJ/cm 2 over a period of 300 s and subsequently developed in Shipley 352 developer under agitation for a period of 1 min. The resultant holographic gratings were then placed in a reactive ion etching chamber atop a silica plate that covers the metal rf-powered (13.56-MHz) electrode. Using an Ar (40 SCCM) and CHF 3 (8.5 SCCM) (where SCCM Merit function map of a low-PDL grating with n 1 ϭ 1.444 (fused silica), n 2 ϭ 1 (air), and ⌳ ϭ 714 nm. The light is incident from material 1 at an angle of 48.6°with respect to the normal. The white (gray) zone corresponds to grating depth and duty cycle combinations that pass (fail) the performance specifications of 0.7-dB IL for the average response of the TE and TM polarizations and 0.5-dB PDL over the entire L band. Fig. 6 . Theoretical performance of a low-PDL grating having a rectangular groove cross section, with n 1 ϭ 1.444 (fused silica), n 2 ϭ 1 (air), depth ϭ 630 nm, duty cycle ϭ 0.48, and ⌳ ϭ 714 nm. The light is incident from material 1 at an angle of 48.6°with respect to the normal. The curves representing the quantities defined in Eqs. (2) and (3) The etch depths were targeted by using witness samples placed into the etch chamber along with the grating. The witness samples used were pieces of silicon (Si) wafers, approximately 16 cm 2 , with a thermal oxide (SiO 2 ) layer whose thickness was near but less than the desired grating depth. Interrogation of the emission spectra of the etch plasma during the reactive ion etching process allows determination of the time required to remove the thermal oxide from the SiO 2 /Si witness samples. A correlation between grating depth in silica and thickness of the thermal oxide on the witness samples was obtained through scanning electron microscopy and grating performance measurements and was used to establish in advance the amount of overetch required to reach the target grating depth. With witness samples used in this way, the grating etch depth could be accurately determined, even with run-to-run variations in etch rate.
After etching, the gratings were removed from the etch chamber, and the residual photoresist was removed by using a 1:2 combination of hydrogen peroxide (30%) and sulfuric acid (98%), similar to other commercially available products.
11 Figure 7 shows a representative scanning electron microscopy image of the fabricated grating having a period of 714 nm (1400 lines/mm). The depth and the duty cycle of this grating are estimated from the image to be 634 nm and 0.46, respectively. Straight sidewalls were achieved over 90% of the grating depth, yet the bottoms of the trenches exhibit some curvature. Even with this observed deviation from a binary profile, it will be shown in Section 4 that the performance of this grating profile still meets the previously defined criteria owing to the large tolerance of the design to fabrication errors in depth and duty cycle, as shown in Fig. 5. 
TOTAL INTERNAL REFLECTION GRATING PERFORMANCE
The experimental layout to measure performance of the fabricated grating is shown in Fig. 8 . Light from a tunable L-band laser is passed through a polarization controller, then collimated into a beam approximately 1 mm in diameter. After passing through a nonpolarizing beam splitter, the light enters the 45-45-90 prism, which is index matched to the grating under test, and subsequently samples a portion of the grating. The light diffracted out of the prism re-enters the beam splitter, while the light reflected off the front of the prism does not. A spherical lens, labeled as the collection lens in Fig. 8 , collects the light into the aperture of an integrating sphere. A computer controls both the laser wavelength and the polarization and records the power read by the power meter. For each wavelength, the polarization is scanned through two orthogonal polarization states, an in-phase linear combination of these states, and an out-of phase combination of these states (circular polarization). After all wavelengths are scanned, a gold mirror is inserted be- Fig. 7 . Scanning electron microscopy image of an all-glass TIR grating with 714-nm period. From this image, the depth and the duty cycle can be estimated as 634 nm and 0.46, respectively. The geometry and the scale are shown at the bottom. tween the beam splitter and the prism, and the entire process is duplicated to obtain a reference measurement. Then a Mueller matrix technique is implemented to derive the maximum and minimum responses for any given polarization state, 12 which for our geometry correspond to either the TE or TM polarization response of the grating. The primary source of error for this measurement is introduced as a consequence of the fact that at a given wavelength, the diffracted beam passes through a different portion of the collection lens from that passed through by it corresponding reference beam. If this measurement system is realigned to be centered at various wavelengths, this error is estimated to be 0.1 dB on each extreme of the wavelength band.
The results of the measurement are given in Fig. 9 , in which the IL and the PDL are displayed over the wavelength range of interest. The IL is less than 0.6 dB for both polarizations across the entire wavelength band. More importantly, the PDL is less than 0.2 dB over the entire L band, making this grating highly suitable for fiber-based applications where the input polarization state is unknown. The IL and PDL uniformity across the 0.9-in. ϫ 1.4-in. aperture was measured to be less than 0.1 dB.
To further demonstrate the performance of this grating, Fig. 10 shows the TE and TM IL and the PDL as a function of wavelength when used in the Littrow configuration, where angle of incidence changes with wavelength such that the first-order diffracted beam retraces the path of the incident beam. The symbols represent the measured data, and the curves are the values calculated by using vector diffraction theory assuming a perfect rectangular profile. Figure 10 shows that the grating can yield high diffraction efficiency and low PDL over a 100-nm bandwidth and that the diffraction efficiency of TIR gratings can, in fact, reach unity (0-dB IL) under Littrow conditions, as previously predicted. 3 
DISCUSSION AND CONCLUSIONS
The robustness of the low-PDL TIR grating, as demonstrated in the design and the fabrication, is further exemplified by the consecutive fabrication of 20 diffraction gratings. One grating within this group was defective in that half of the grating was not visibly present, indicating a human error either in handling the spin-coated substrate or by significantly overdeveloping the holographic grating. The performance of the remaining 19 gratings, as defined by the merit function described in Section 2, is shown in Fig. 11 . To generate this plot, we selected the PDL and the averaged TE and TM IL at their highest respective values in the L band (1560-1610 nm), which typically occur at opposite edges of the wavelength band. The upper dotted curve represents the pass-fail boundary of the merit function described in Section 2, while the solid circle represents the theoretical performance of the optimal design. All 19 of these gratings fall within the pass-fail boundary of the merit function, with a 0.25-dB spread in performance in both PDL and average IL. Compared with those of the optimized design, most of the gratings have lower PDL at the expense of higher IL. This unintended deviation from the design is likely due to the curved bottom of the grating grooves, as shown in Fig.  7 . Nonetheless, the robust nature of this TIR grating design is clearly demonstrated in Fig. 11 . In fact, this ro- Fig. 9 . Measured performance of low-PDL grating with material 1 ϭ fused silica, material 2 ϭ air, and ⌳ ϭ 714 nm. The light is incident from material 1 at an angle of 48.6°with respect to the normal. The curves representing the quantities defined in Eqs. (2) and (3) are labeled. bustness leads to the possibility of using replication techniques in order to reduce fabrication costs of TIR gratings. Examples include nanoimprint lithography, 13 where replicated etch masks are used in lieu of holographic grating exposures, or direct grating replication in polymers without etching, a technique that is commonly used to fabricate metallic-coated gratings. 14 There are also optical systems issues to be considered for TIR gratings. Since the angle of incidence is required to satisfy the TIR condition at the grating, the light cannot enter (or likely exit) the fused silica from an interface that is parallel to the grating. This nonparallel surface can be a prism, as depicted in the test configuration shown in Fig. 8 . This additional optical surface can be used to magnify (or demagnify) the grating dispersion or to aid in athermalizing the optical system in which it is used.
Attaching the grating to a prism can be accomplished in a number of ways, including the use of optical-grade epoxy, optical contact by means of van der Waals bonding, 15, 16 or molecular bonding wherein the van der Waals bonds are transformed into ionic bonds by applying heat. 17 Alternatively, one could etch the grating directly into the prism. Although this particular grating is tolerant to significant fabrication errors, yield issues due to errors in the pre-etch processes can be detected in the holographic grating before the etch process, 18 thereby saving the cost of a potentially expensive high-performance prism for a grating that will not meet performance specifications. If a polymer grating can be used, as mentioned above, then the grating may be replicated directly onto the face of the prism.
As with any surface-relief grating, moisture, particulates, and films can build up on the surface, thus degrading the performance of the grating over time. Unlike the case for most other gratings, however, one can attach an air-spaced cover over the TIR grating surface for protection from the environment. Because of the immersed geometry of the TIR grating, this cover is not in the optical path of the beam and thus does not degrade the system performance.
In summary, we have fabricated an immersed total internal reflection (TIR) grating using only a single dielectric material. This high-dispersion grating has low polarization-dependent loss, less than 0.2 dB across the entire 50-nm L band, making this grating particularly suitable for fiber-based applications. The TIR grating was also shown to exhibit high diffraction efficiency, yielding insertion loss better than 0.6 dB across the entire band and immeasurable loss under the Littrow configuration.
